In the mammalian hippocampus, canonical Wnt signals provided by the microenvironment regulate the differentiation of adult neural stem cells (NSCs) toward the neuronal lineage. Wnts are part of a complex and diverse set of signaling pathways and the role of Wnt/ Planar cell polarity (PCP) signaling in adult neurogenesis remains unknown. Using in vitro assays on differentiating adult NSCs, we identified a transition of Wnt signaling responsiveness from Wnt/␤-catenin to Wnt/PCP signaling. In mice, retroviral knockdown strategies against ATP6AP2, a recently discovered core protein involved in both signaling pathways, revealed that its dual role is critical for granule cell fate and morphogenesis. We were able to confirm its dual role in neurogenic Wnt signaling in vitro for both canonical Wnt signaling in proliferating adult NSCs and non-canonical Wnt signaling in differentiating neuroblasts. Although LRP6 appeared to be critical for granule cell fate determination, in vivo knockdown of PCP core proteins FZD3 and CELSR1-3 revealed severe maturational defects without changing the identity of newborn granule cells. Furthermore, we found that CELSR1-3 control distinctive aspects of PCP-mediated granule cell morphogenesis with CELSR1 regulating the direction of dendrite initiation sites and CELSR2/3 controlling radial migration and dendritic patterning.
Introduction
Neurogenesis in the adult mammalian nervous system is restricted to the subventricular zone (SVZ) of the lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus (DG; Gage, 2000; Alvarez-Buylla and Lim, 2004) . New neurons are continuously generated from neural stem cells (NSCs) that undergo distinct developmental steps, including proliferation, differentiation, migration, and dendritic targeting (van Praag et al., 2002; Ge et al., 2007; Ming and Song, 2011; von Bohlen und Halbach, 2011) .
ATP6AP2, an accessory subunit of the vacuolar (V)-ATPase, plays essential roles during development and has been shown to be a crucial component in promoting canonical Wnt and noncanonical Wnt/PCP signaling (Buechling et al., 2010; Cruciat et al., 2010; Hermle et al., 2013) . Wnt signaling, in particular its canonical branch, has been shown to be instrumental in several aspects of adult hippocampal neurogenesis. Canonical Wnt/␤-catenin signaling is initiated upon formation of a tertiary complex that includes the receptor FZD (frizzled), its coreceptor LRP6 (low-density lipoprotein receptor-related protein 6) and a soluble Wnt ligand, such as WNT3A, that is produced by local hippocampal astrocytes (Song et al., 2002; Lie et al., 2005; Kuwabara et al., 2009 ). In cooperation with ATP6AP2, the FZD: LRP6:WNT3A complex triggers the formation of a signalosome at the plasma membrane, internalizing the whole complex to further transduce the signal (Blitzer and Nusse, 2006; Yamamoto et al., 2006; Bilic et al., 2007; Cruciat et al., 2010; Niehrs, 2012) . Eventually, ␤-catenin becomes stabilized and translocates into the nucleus, acting as a transcriptional coactivator of TCF/LEF (T-cell-specific transcription factor/lymphoid enhancer binding factor) transcription factors. The proneurogenic factors Prox1 and Neurod1 are among the major direct transcriptional targets of Wnt/␤-catenin-TCF/LEF signaling in NSCs and are known to control genes specifically involved in neuronal differentiation Kuwabara et al., 2009; Lavado et al., 2010; Karalay et al., 2011) .
In addition to canonical Wnt signaling, non-canonical Wnt/ Planar cell polarity (PCP) signaling is the most extensively studied pathway among the several non-canonical pathways that do not involve ␤-catenin. It is essential for orienting and polarizing cells in the plane of a tissue. Directional signals are processed through PCP core components such as FZD, DVL (Dishevelled), CELSR (Cadherin EGF LAG seven-pass G-type receptor), VANGL (van Gogh-like) , and Prickle to establish planar polarity within individual cells (Tissir and Goffinet, 2013) . Downstream effectors, such as small GTPases, convert these signals into morphogenetic programs by rearranging the cytoskeleton and inducing the expression of target genes (Schlessinger et al., 2009) . Although recent studies on the PCP core proteins CELSR1-3 and FZD3 revealed essential functions in dendritic patterning, axonal tract development, neuronal migration, and hair cell orientation (Shima et al., 2007; Qu et al., 2010; Feng et al., 2012a) , it remains unknown whether different canonical and non-canonical Wnt signals act in a stage-specific manner to regulate distinctive steps of adult hippocampal neurogenesis. Here we identified a maturational signaling transition from canonical to non-canonical Wnt/PCP signaling in which the non-canonical Wnt/PCP signaling pathways appeared to be indispensable for proper morphological maturation and integration of adult-born granule cells into the DG.
Materials and Methods
Plasmids and viruses. For ATP6AP2 overexpression, full-length rat Atp6ap2 cDNA was subcloned into the pLVXEP vector (a gift from Dr Mertens, Salk Institute for Biological Studies) containing an elongation factor 1 (EF1)␣ promoter. The ⌬ECD mutant lacks amino acids 1-265 of the extracellular domain. Non-overexpressing control cells were transfected with the pLVXEP vector only. HA-tagged CELSR2-and 3-expressing plasmids pEF-CELSR2-HA and pcDNA-CELSR3-HA (a gift from Dr Uemura, Kyoto University, Japan) were used for localization experiments in differentiating adult hippocampal progenitor cells (AHPs). FLAG-tagged ATP6AP2, corticotropin-releasing hormone receptor (CRF) and FZD3-expressing constructs were generated by subcloning the respective mouse cDNAs into the pCK vector (a gift from Dr. V. Narry Kim). For the retroviral experiments, shRNAs targeting mouse and rat genes respectively were cloned into a retroviral construct containing a chicken ␤-actin (CAG)-driven green fluorescent protein (GFP) and a hU6 promoter driving expression of shRNAs, as described previously (Zhao et al., 2006) . As a control, we used a target sequence not matching to any rodent mRNA sequence. Knockdown efficiencies were confirmed by transfection of mouse Neuro-2A cells (ATCC), as well as primary rat hippocampal AHPs using qRT-PCR and Western blot. Retroviruses were produced as previously described (Zhao et al., 2006) . Titers ranged from 2 to 5 ϫ 10 7 colony forming units/ml. Cell culture. The isolation, characterization, and culturing of AHPs used in this study were previously described (Palmer et al., 1997) . Proliferating AHPs were cultured in serum-free media, DMEM-F12 (glutamine) containing N2 supplement and 20 ng/ml FGF-2 (PreproTech). For neuronal differentiation, AHPs were transferred into medium containing 1 M retinoic acid (Sigma-Aldrich) and 5 M forskolin (SigmaAldrich) for the indicated number of days.
Primary astrocytes were isolated from rat hippocampi and cocultured with AHPs (Song et al., 2002) . AHPs were plated on a confluent astrocyte feeder layer in serum-free conditions.
Luciferase assays. For dual luciferase assays, AHPs were electroporated with the following reporter plasmids using a nucleofector device (Amaxa): Super8xTOPFLASH (with TCF/LEF binding motifs), Super8xFOPFLASH (mutant motif), pAP-1-luc (PathDetect cis-reporting system from Stratagene), and Renilla-Luc under the control of the human cytomegalovirus promoter as internal control. Cells were treated with 50 ng/ml WNT3A (R&D Systems), 50 ng/ml WNT5A (R&D Systems), or 250 mM CHIR99021 (LC Laboratories) in the absence of differentiating factors for 24 h at the time points indicated. Luciferase activity was then measured using the Dual-Luciferase Reporter Assay System (Promega).
Stereotactic injections. All animal procedures were done in accordance with protocols approved by the animal care and use committee of The Salk Institute for Biological Studies. For retroviral loss-of-function experiments, 6-to 7-week-old female C57BL/6 mice were used (Harlan); they were kept under a constant 12 h light/dark cycle. Stereotactic injections of 1 l of retroviral suspension were placed into the DG (coordinates from bregma: Ϫ2 anterioposterior, Ϯ1.5 mediolateral, Ϫ2.3 dorsoventral). Group sizes for all experimental groups were n Ն 3.
Immunostaining and in situ hybridization. Animals were anesthetized with ketamine/xylazine and then transcardially perfused with a 0.9% NaCl solution followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4. Brains were removed, postfixed overnight at 4°C and then transferred into 30% sucrose solution for cryoprotection. Forty-m thick coronal sections were obtained using a sliding microtome (Leica) and subjected to immunohistochemistry as previously described (Jessberger et al., 2008) . Primary antibodies used were chicken ␣-GFP (1:500; Aves), goat ␣-DCX (1:250; Santa Cruz Biotechnology), mouse ␣-Prox1 (1:250; Millipore), goat ␣-Sox2 (1:250; Santa Cruz Biotechnology), rat ␣-FZD3 (1:500; R&D Systems), and rabbit ␣-Sox2 (1: 250; Cell Signaling Technology). Secondary antibodies were all obtained from Jackson Immunoresearch.
Immunohistochemistry was performed on cultured cells fixed with 4% PFA for 30 min followed by extensive washes in phosphate buffer. The following primary antibodies were used: rabbit ␣-Tuj1 (1:1000; Covance), rabbit ␣-HA (1:500; Sigma-Aldrich), mouse ␣-␤-catenin (1:500; Cell Signaling Technology), goat ␣-Sox2 (1:250; Santa Cruz Biotechnology). For in situ hybridization, mouse brains were cryosectioned into 12-m-thick coronal sections and treated with 4% PFA for 10 min and 0.25% acetic anhydride for 10 min. The Celsr1, 2, and 3 cDNAs were subcloned into the pBluescript vector (Addgene) using previously described primers (Tissir et al., 2002) . RNA sense and antisense probes were synthesized using T3 or T7 RNA polymerase (Promega). After prehybridization, sections were incubated overnight at 58°C with digoxigeninlabeled RNA probes in hybridization buffer (Ambion). Slides were washed twice with 5ϫ SSC (Invitrogen) and 0.2ϫ SSC before incubation with the alkaline-phosphatase antibody (Roche). Nitroblue-tetrazoliumchloride/5-bromo-4-chloro-3-indolyl-phosphate (Promega) was used as a substrate for visualization. Immunohistochemistry was performed afterward as described above.
Image acquisition and statistical analyses. Fluorescence was detected using a Zeiss LSM 780. Images were acquired with the 20ϫ and 63ϫ objective and colocalization was confirmed by 3-D reconstructions of z series. Cell counts were performed using every sixth section throughout the rostrocaudal extent of the granule cell layer (GCL) and expressed as a percentage of double-labeled cells. DCX ϩ retrovirus-labeled cells were three-dimensionally reconstructed using the Neurolucida software (MBF Bioscience) at 2 weeks postinjection (WPI) and 6 WPI (for FZD3 mutants). Individual neuron traces (between 45 and 80 for each group and time point) were analyzed with appropriate plug-ins of the Neurolucida Explorer (MBF Bioscience) and the CircStat toolbox for MATLAB (MathWorks). Sholl plots were compiled from the 3-D vector-based Neurolucida datasets by using 10 m increment concentric circles around the center of the soma. All numerical analyses were performed using Excel (Microsoft) and GraphPad Prism. The unpaired Student's t test was used to compare averages between two groups. Comparisons between three or more groups were performed using a one-way ANOVA, followed by a Bonferroni post hoc test. The Kolmogorov-Smirnov (K-S) test was used to compare cumulative distributions (dendritic initiation sites, dendritic length).
Western blotting and qRT-PCR. Total RNA was extracted using RNABee (Tel-Test) reagent and reversely transcribed into cDNA using the SuperscriptIII Kit (Invitrogen). Quantitative RT-PCR was performed using the C1000 Touch cycler (Bio-Rad) with the following primers: rat ␤-actin: 5Ј-AGGCCAACCGTGAAAAGATG-3Ј and 5Ј-CCAGAG-GCATACAGGGACAAC-3Ј; rat Atp6ap2: 5Ј-TGGGAAGCGTTATG-GAGAAG-3Ј and 5Ј-CTTCCTCACCAGGGATGTGT-3Ј; rat Celsr1: 5Ј-ACCTACCTGAGGCCCTTCAT-3Ј and 5Ј-TGAACGTCCTGG AACCTTGG-3Ј; rat Celsr2: 5Ј-GAGCGAGGAAATGAACTCAGCC-3Ј and 5Ј-TGAGCACTGGGCTGTCACAC-3Ј; rat Celsr3: 5Ј-CTGGTGTG-CAAACAAGCTCC-3Ј and 5Ј-GATGAAGTCCTTGCGGGACA-3Ј; rat Fzd3: 5Ј-CACATTCCGTGTCCGTACCA-3Ј and 5Ј-AAAGCTGGC-CCATTCAAAGC-3Ј; rat Fzd4: 5Ј-CAACTTTCACGCCGCTCATC-3Ј and 5Ј-CTGAAAGACACATGCCACCG-3Ј; rat Fzd6: 5Ј-CCGATC-GACGCCAGAGACAG-3Ј and 5Ј-GCCGTTTCCTGAAAATGAGT TCT-3Ј; rat Lrp6: 5Ј-CTGAGTAAGCCCGTCGCTTT-3Ј and 5Ј-CAGACCCACAGGCTGCAATA-3Ј; mouse ␤-actin: 5Ј-GGCTGTATT CCCCTCCATCG-3Ј and 5Ј-CCAGTTGGTAACAATGCCATGT-3Ј; mouse Atp6ap2: 5Ј-ACCGGCCACGGGCTACCATTAT-3Ј and 5Ј-TCGCTGGGAGCCAACTGCAA-3Ј; mouse Celsr1: 5Ј-TCCCAGCT-CATCTTCATGGT-3Ј and 5Ј-TGCAAGTTCTCCACAAGGGT-3Ј; mouse Celsr2: 5Ј-CCGAGAGGGTGGCTATACCT-3Ј and 5Ј-GACAC-CTGGAGTACAACGGC-3Ј; mouse Celsr3: 5Ј-TTTGGTGTTTTGGC-CACAGT-3Ј and 5Ј-GAAGGCAGGGGAGGTACAGT-3Ј; mouse Fzd3: 5Ј-AAGACATGCTTTGAATGGGC-3Ј and 5Ј-GGTCCCTCAGGAGT-GACTGA-3Ј. Gene expression was normalized to ␤-actin and the relative gene expression was calculated using the ⌬⌬ct method (Yuan et al., 2006) .
Western blotting was performed as described previously (Schäfer et al., 2013) . Briefly, proteins were separated by 4 -12% PAGE, transferred to a nitrocellulose membrane, blocked and incubated with primary antibodies overnight at 4°C. The following antibodies were used: rabbit ␣-ATP6AP2 (1:500; Sigma-Aldrich), mouse ␣-␤-actin (1:20.000; SigmaAldrich). To determine the activation of PCP downstream targets, undifferentiated and differentiated (2 d) AHPs were treated with 100 ng/ml WNT5A (R&D Systems) in the absence of differentiating factors for the time points indicated. Cells were lysed using a lysis buffer for phosphoproteins (50 mM ␤-glycerophosphate, pH 7.3, 1.5 mM EGTA, 1.0 mM EDTA, 0.1 mM sodium vanadate, 1.0 mM benzamidine, 10 g/ml aprotinin, 10 g/ml leupeptin, 2.0 g/ml pepstatin A, 1.0 mM DTT) and subsequently centrifuged at 14,000 rpm at 4°C for 20 min. The procedure was performed as described above using the following primary antibodies: rabbit ␣-c-JUN (1:2000; Santa Cruz Biotechnology), rabbit ␣-phospho-c-Jun (1:500; Santa Cruz Biotechnology), rabbit ␣-SAPK/ JNK (1:1000, Cell Signaling Technology), and rabbit ␣-phospho-SAPK/ JNK (1:500; Santa Cruz Biotechnology). After extensive washes, membranes were incubated 1:10,000 with HRP-conjugated secondary antibodies (Jackson ImmunoResearch) for 2 h at room temperature. Antibody complexes were detected using an enhanced chemiluminescence reagent (Millipore) and quantified densitometrically.
Complex immunoprecipitation. Complex immunoprecipitations (CoIPs) were performed using HEK293T or differentiated mouse Neuro2A cells (ATCC). Briefly, cells were transiently transfected with ATP6AP2-FLAG or CRF-FLAG in combination with CELSR2-HA or CELSR3-HA (a gift from Dr Uemura, Kyoto University, Japan). Cells were harvested, washed with PBS and lysed as described above in buffer containing 20 mM Tris, pH7.5, 150 mM NaCl, 2 mM MgCl 2 , 1% Triton X-100, 1 mM DTT, and protease inhibitors (Roche). Following centrifugation, cell lysates containing equal amounts of protein were precleared at 4°C using A/G agarose beads (Santa Cruz Biotechnology) for 1 h. After preclearing, the lysates were incubated at 4°C overnight with ␣-FLAG bound agarose beads (Sigma-Aldrich). Beads were washed extensively with lysis buffer and bound proteins were resolved by SDS-PAGE using the following antibodies: rabbit ␣-FLAG (1:3000, Sigma-Aldrich), mouse ␣-FLAG (1:3000, SigmaAldrich), rat ␣-HA HRP (1:4000, Roche), and rabbit ␣-ATP6AP2 (1:500, Sigma-Aldrich). Secondary HRP-conjugated antibodies used included ␣-rabbit and ␣-mouse (1:5000; Jackson ImmunoResearch).
Results

During differentiation of AHPs, canonical Wnt signaling is attenuated whereas Wnt/PCP signaling is markedly upregulated
Previous studies have shown that canonical Wnt signaling is a principal regulator of adult hippocampal neurogenesis (Lie et al., 2005) . Wnts are part of a complex and diverse set of pathways with a wide range of possible interactions. To examine the temporal activity of Wnt/␤-catenin and Wnt/PCP signaling, we differentiated AHPs in vitro and quantified the levels of gene expression of several pathway components using quantitative real-time PCR (qRT-PCR). Upon differentiation, expression levels of canonical components such as Lrp6 and Fzd4 were gradually downregulated over the first 2-3 d and then remained low, whereas Atp6ap2 expression became upregulated (Fig. 1A) . Simultaneously, expression levels of Fzd3 and Fzd6 (Fig. 1B) , as major Wnt/PCP receptors, and mRNA levels of core PCP genes Celsr1-3 were continuously upregulated (Fig. 1C) . Consistent with its up-regulation during in vitro differentiation, FZD3 appeared to be absent in SOX2 ϩ cells within the SGZ (Fig. 1D ) but showed increasing abundance in cells of the neuronal lineage depending on their maturational stage (Fig. 1E ). By combining in situ hybridization against Celsr2 with immunohistochemistry-based fate mapping experiments, we were able to show that Celsr2 expression is restricted to cells of the neuronal lineage (Fig. 1F) . The same expression pattern was true for Celsr1 and Celsr3 (data not shown).
To characterize functional Wnt/␤-catenin and Wnt/PCP signaling in differentiating AHPs, we performed luciferase reporter assays and compared their signaling response levels to undifferentiated control cells. AHPs were electroporated with TCF/LEF or AP-1 signaling reporters and subsequently cultured in the presence or absence of differentiating factors. WNT3A-induced TCF/LEF signaling was progressively attenuated during AHP differentiation, with a significant reduction of 58% after 2 d and 88% after 3 d of differentiation ( Fig. 2A) . In contrast, AP-1 activity significantly increased after 2 and 4 d of differentiation, with a 2.7-and 11-fold increase in reporter activity, respectively (Fig. 2B ).
To test whether Wnt/PCP signaling responded to noncanonical ligands, such as WNT5A, in a stage-specific manner, we performed AP-1 reporter assays in differentiating and proliferating AHPs. Consistently, non-canonical WNT5A activated AP-1 signaling in differentiating AHPs but not in undifferentiated progenitors (Fig. 2C) . Canonical pathway activators, such as WNT3A and the GSK-3␤ inhibitor CHIR, were unable to activate AP-1 signaling under either condition (Fig. 2C) . WNT5A has been shown to activate PCP signaling, which leads to the subsequent phosphorylation of JNK and its downstream target c-Jun (Yamanaka et al., 2002; . To determine their stage-specific level of activation, we performed semiquantitative Western blot analyses of c-JUN phosphorylation in proliferating and differentiating AHPs. In proliferating AHPs, acute stimulation with WNT5A did not induce phosphorylation of PCP downstream target c-JUN (Fig. 2D ), whereas in differentiating AHPs a significant WNT5A-induced phosphorylation of c-JUN appeared 15 min after ligand application ( Fig. 2 E, F ) .
Furthermore, knockdown of FZD3 in differentiating AHPs was sufficient to reduce the WNT5A-induced phosphorylation of both JNK and c-JUN (Fig. 2G,H ). These data suggest that FZD3 acts upstream of JNK and c-JUN and that shRNA-mediated si- lencing of FZD3 is sufficient to attenuate the WNT5A-induced activation of those kinases in differentiating neuroblasts.
To confirm our findings regarding the maturational attenuation of canonical Wnt signaling, we performed an in vitro ␤-catenin translocation assay in AHPs. Consistent with the signaling reporter assays, WNT3A-induced ␤-catenin translocation into the nucleus only appeared in undifferentiated AHPs but not in differentiated AHPs (Fig. 2 I, J ) .
Dual role of ATP6AP2 in both canonical Wnt signaling in proliferating AHPs and non-canonical Wnt signaling in differentiating AHPs
The accessory subunit of the V-ATPase, ATP6AP2, was shown to function as both a Wnt/PCP core protein and an important adaptor protein to initiate canonical Wnt signaling (Buechling et al., 2010; Cruciat et al., 2010; Hermle et al., 2013). To clarify the possible dual role of ATP6AP2 in neurogenic Wnt signaling, we first analyzed the effect of ATP6AP2 knockdown on Wnt/␤-catenin and Wnt/PCP signaling in vitro using shRNA (shATP6AP2 #1 and #2). Knockdown of ATP6AP2 in AHPs resulted in a significant reduction in WNT3A-induced TCF/LEF reporter activity (Fig.  3A) . The same effect was also observed in cells that were not treated with WNT3A but instead were plated on hippocampal astrocytes to mimic the adult hippocampal niche in vitro ( Fig. 3B ; Song et al., 2002) . Overexpression of the full-length protein in ATP6AP2-deficient cells was able to rescue the phenotype (Fig.  3C) , whereas simultaneous overexpression of a truncated version of ATP6AP2 lacking the essential LRP6 binding domain (⌬ECD-ATP6AP2) was not sufficient to rescue the reduced canonical signaling response in proliferating AHPs (Fig. 3C) .
To test whether ATP6AP2 knockdown also affected Wnt/PCP signaling, we differentiated AHPs for 2 d and compared the WNT5A-induced AP-1 signaling response of ATP6AP-deficient cells with their respective control groups (Fig. 3D) . Cells expressing shATP6AP2 #1 displayed significantly reduced AP-1 signaling in response to WNT5A, which was again rescued by overexpression of the full-length protein (Fig. 3E) . Overexpression of ATP6AP2 was not sufficient to enhance the signaling response, supporting its role as an adaptor protein (Fig. 3E) . To obtain biochemical proof for the interaction between ATP6AP2 and PCP components, we performed coimmunoprecipitation experiments. Transient transfection of HEK293T cells with murine versions of CELSR2 and 3, and ATP6AP2 resulted in sufficient protein expression levels. In these cells, we observed that immunoprecipitation of ATP6AP2 retained CELSR2 and CELSR3, whereas antibodies against the control transmembrane protein CRF did not (Fig. 3F ) . Furthermore, immunoprecipitation of FZD3 in differentiated mouse Neuro2A cells retained endogenous ATP6AP2, which was not observed when pulling down the control transmembrane protein CRF (Fig. 3G) . Altogether, these data confirm the dual role for ATP6AP2 in Wnt signaling during neurogenesis and provide evidence of a physical interaction with the PCP complex.
Knockdown of ATP6AP2 affects both cell fate determination and morphogenesis of adult-born granule cells
Given the different expression patterns of Wnt pathway components and the transition of the specific Wnt signaling response in the course of AHP differentiation, we analyzed the functional role of ATP6AP2 in early and late steps of adult hippocampal neurogenesis in vivo. Because ATP6AP2 is involved in canonical Wnt and Wnt/PCP signaling, its effect on adult neurogenesis should depend on the respective pathway that is active at a particular stage. To address this question and to be able to titrate down the actual signal strength of Wnt/␤-catenin signaling, we designed two retroviral (RV) vectors that encoded for GFP and expressed A, WNT3A-induced TCF/LEF reporter activity is notably reduced in proliferating AHPs expressing the weaker ATP6AP2 targeting shRNA (shATP6AP2 #1; p Ͻ 0.05). This reduction in WNT3A-induced TCF/LEF response is even more pronounced in cells expressing the stronger shRNA (shATP6AP2 #2; p Ͻ 0.001). B, Knockdown of ATP6AP2 in AHPs plated on hippocampal astrocytes resulted in a significant reduction in TCF/LEF reporter activity as compared with control cells (shATP6AP2 #1; p Ͻ 0.05). C, Overexpression of the full-length protein in ATP6AP2-deficient AHPs rescued the reduced canonical signaling response. Simultaneous overexpression of a truncated version of ATP6AP2 lacking the essential LRP6 binding domain (⌬ECD-ATP6AP2) was not sufficient to rescue TCF/LEF signaling response in proliferating AHPs. D, Experimental procedure of Wnt/PCP reporter assays. E, In differentiating AHPs, the WNT5A-induced AP-1 signaling response was significantly reduced in those neuroblasts expressing shATP6AP2 ( p Ͻ 0.05). Simultaneous overexpression of the full-length protein rescued the phenotype. Overexpression of ATP6AP2 alone was not sufficient to increase AP-1 reporter activity. F, FLAG-tagged ATP6AP2 or the control transmembrane protein CRF was coexpressed with HA-tagged CELSR2 or CELSR3 in HEK293T cells. After immunoprecipitation with ␣-FLAG, CELSR2 and 3 bound to immunoprecipitated ATP6AP2 but not to the control protein CRF (3-8%, Tris-acetate SDS-PAGE). G, In differentiated mouse Neuro2A cells, endogenous ATP6AP2 was present in immunoprecipitates formed by FZD3-FLAG but not in those formed by the control transmembrane protein CRF (4 -12% Bis-Tris, MOPS SDS-PAGE). Results are expressed as mean Ϯ SEM (n Ն 4 per group); *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001.
shRNAs that had a mild (shATP6AP2 #1) or strong (shATP6AP2 #2) knockdown efficiency. We then stereotactically injected these shRNA-expressing retroviruses into the DG of young adult mice (6 -7 weeks old) to assess the effect of ATP6AP2 knockdown in dividing neural progenitor cells in vivo ( Fig. 4A; Zhao et al.,  2006 ).
Using doublecortin (DCX) staining as a measure to quantify neuronal differentiation, we found a marked reduction in the number of GFP ϩ DCX ϩ double-labeled newborn neurons in shATP6AP2 mice compared with animals injected with nontargeting shRNA-expressing control viruses (Fig. 4B) . In-line with a stronger effect of shATP6AP2 #2 on Wnt/␤-catenin signaling in Figure 4 . Knockdown of ATP6AP2 affects cell fate commitment of adult hippocampal stem cells. A, A schematic diagram of the experimental design. Stereotactic injections were placed into the DG of 6-to 7-week-old mice using shRNA-and GFP-expressing retroviral vectors. Animals were killed either on 1 or 2 WPI and subjected to stereological and morphometric analyses. B, C, Adult-born neurons (shown in green) express the early neuronal marker DCX (shown in red) from 1 week after birth onward. A marked reduction in the number of GFP ϩ DCX ϩ double-labeled newborn cells was seen in shATP6AP2 #1 ( p Ͻ 0.01) and was even more pronounced in shATP6AP2 #2-expressing cells ( p Ͻ 0.001) compared with animals injected with nontargeting shRNA-expressing control viruses (arrowheads show undifferentiated DCX Ϫ cells). DAPI (blue), GFP (green), and DCX (red). D, Among the population of GFP ϩ DCX ϩ cells, some remained SOX2-positive (arrowheads), whereas some lost their SOX2 expression (arrows). GFP (green), DAPI (blue), and Sox2 (red). Error bars represent mean Ϯ SEM (n Ն 3 mice per group); *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. Scale bars, 50 m. vitro (Fig. 3) , animals injected with shATP6AP2 #2 expressing retroviruses showed an even more pronounced reduction in the levels of neurogenesis (Fig. 4C) . Among the population of undifferentiated GFP ϩ DCX Ϫ cells, no increase in caspase3-activity was detected (data not shown) and only a few of the cells colabeled with the stem cell marker SOX2 (Fig. 4D) . Interestingly, GFP ϩ DCX ϩ in both shATP6AP2 conditions displayed marked defects in several aspects of morphological development (Fig.  5A) . We analyzed these defects using 3-D reconstructions of GFP ϩ DCX ϩ neurons and assessed their morphology. At 2 WPI, we found that ATP6AP2-deficient GFP ϩ DCX ϩ neurons had significantly shorter dendrites and reduced dendritic arborization compared with control cells (Fig. 5B-E) . Further examination of individual GFP ϩ DCX ϩ neurons revealed that the initiation sites of most primary dendrites in control cells were oriented toward the molecular layer, whereas many ATP6AP2-deficient neurons pointed parallel to the granule layer. Quantitative analyses were performed by defining the angular orientation of the initiation site on the soma (Shelly et al., 2010), with the x-axis parallel to the granule layer (0°-180°), the y-axis pointing toward the hilus or molecular layer (90°and 270°) and the origin at the center of the soma (Fig. 5F ). Normal newborn neurons initiated their dendrites preferentially within ϳ45°-150°toward the molecular layer (Fig. 5G) . However, analyses of ATP6AP2-deficient cells indicated a random distribution of initiation sites within ϳ350°-210°, excluding the hilus (Fig. 5H ) . Cumulative distribution plots of initiation sites showed a significant difference between control and ATP6AP2-deficient neurons ( Fig. 5I ; p Ͻ 0.05, K-S test). Regarding their position within the DG, control cells remained within the first third of the granular layer, in close proximity to the SGZ, and only a few cells migrated further. In contrast, the relative position of ATP6AP2-deficient neurons was significantly shifted toward the molecular layer (Fig. 5J ) , suggesting an involvement in regulating the migration of newborn neurons. To Figure 5 . ATP6AP2-deficient DCX ϩ cells display impaired morphological development. A, Two-week-old ATP6AP2-deficient neurons (green) that express DCX are among those that remained undifferentiated (arrowheads). Only GFP ϩ DCX ϩ cells were reconstructed for morphometric analyses. DAPI (red); GFP (green). B, Sholl analysis of the dendritic length of GFP ϩ DCX ϩ neurons. The data represent mean Ϯ SEM (number of traced neurons: control: n ϭ 53; shATP6AP2: n ϭ 56; *p Ͻ 0.05, ***p Ͻ 0.001, Student's t test). C, Total dendritic length of GFP ϩ DCX ϩ neurons (***p Ͻ 0.001, Student's t test). D, Sholl analysis of the dendritic complexity of GFP ϩ DCX ϩ neurons (same groups of cells as in B were analyzed; *p Ͻ 0.05, ***p Ͻ 0.001, Student's t test). E, Total number of intersections of GFP ϩ DCX ϩ neurons (***p Ͻ 0.001, Student's t test). F, A schematic model of analyses performed to quantitatively assess the angular orientation of the dendritic initiation sites. As a reference, a coordinate system was established with the x-axis parallel to the granule layer (0°-180°), the y-axis pointing toward the hilus or molecular layer (90°and 270°) and the origin at the center of the soma. ML, Molecular layer; CA3, cornu ammonis 3. G, H, Angular orientation of dendritic initiation sites of control (G) and ATP6AP2-deficient (H) GFP ϩ DCX ϩ neurons within the GCL. I, Cumulative distribution plots of initiation sites revealed a significant difference between control and ATP6AP2-deficient neurons (*p Ͻ 0.05, K-S test). J, Quantitative analyses of the migratory properties of newborn granule cells. Shown are the relative positions of GFP ϩ DCX ϩ neurons within the GCL. The relative position of ATP6AP2-deficient neurons is significantly shifted toward the molecular layer compared with control cells (***p Ͻ 0.001, Student's t test). dNML, Distance from neuronal soma to molecular layer; dNH, distance from neuronal soma to hilus. compare these phenotypes with canonical signaling mutants, we took advantage of retrovirus-based silencing of the canonical coreceptor LRP6. We found that LRP6-deficient animals had reduced levels of neurogenesis as measured by DCX staining (Fig.  6 A, B) , but among the population of GFP ϩ DCX ϩ cells expressing shLRP6 morphological development appeared to be unaffected (Fig. 6C-I ) . Together, reduced levels of ATP6AP2 in neural progenitor cells resulted in a decreased induction of neuronal cell fate similar to what was seen in LRP6 mutants but also caused severe morphological defects in newborn neurons. Thus, defects in cell fate and morphogenesis in ATP6AP2-defcient cells is likely to be the consequence of altering both canonical and non-canonical Wnt signaling.
PCP core proteins are not critically involved in cell-fate determination but control several aspects of morphological development We next asked which components of Wnt/PCP signaling were possible candidates accounting for the morphological impairments seen in ATP6AP2-deficient newborn neurons. Celsr1-3, the mammalian orthologs of flamingo, and Fzd3 are among the core PCP genes and are widely expressed in the nervous system (Feng et al., 2012a ). FZD3 and CELSR1-3 have been described to be involved in many aspects of morphogenesis (Tissir and Goffinet, 2013), and thus represent attractive candidates that might be instrumental in the morphological specification of newborn granule cells. To characterize whether Wnt/PCP signaling had a stage-specific function in the course of adult hippocampal neurogenesis, we used a retrovirus-based approach to deliver shRNAs specifically targeting PCP core proteins CELSR1-3 and FZD3. We first analyzed the quantity of neurogenesis by using DCX staining and found no differences in the number of newborn DCX ϩ cells between PCP mutants shFZD3, shCELSR1-3, and control animals ( Fig. 7 A, B) . Likewise, at 2 WPI, almost every FZD3-deficient cell expressed the granule cell marker PROX1 as in the control group (Fig. 7C,D) and 6 WPI PCP mutants expressed mature neuron marker Calbindin (data not shown). These results illustrate that Wnt/PCP signaling does not appear to be critically involved in cell-fate determination during adult neurogenesis.
Given the importance of FZD3 in PCP signaling and the observation that this pathway does not affect cell fate commitment, we first focused on the role of FZD3 in later stages of adult hippocampal neurogenesis. Therefore, we assessed morphological features such as dendritic growth, migratory behavior, and cell orientation of FZD3-deficient cells in vivo. As seen with ATP6AP2-deficient neurons, shFZD3-expressing cells abnormally migrated toward the molecular layer (Fig. 8B) . Morphological assessment of FZD3-deficient cells demonstrated that newborn DCX ϩ cells had significantly shorter dendrites and a reduced dendritic arborization compared with control cells expressing a nontargeting shRNA (Fig. 8C-F ) . Furthermore, the orientation of dendrite initiation sites of shFZD3-expressing cells appeared to be randomly distributed within ϳ330°and 213° (Fig.  8G-I ) . As with shATP6AP2-expressing cells, the orientation of their dendrite initiation sites excluded the hilus. A K-S test comparing both groups revealed a significant difference between control and FZD3-deficient neurons ( p Ͻ 0.05, K-S test). Defects in dendritic growth of FZD3-deficient neurons were present even 6 WPI (Fig. 8J-L) . These data showed that knockdown of FZD3 resembled all assessed phenotypic features of ATP6AP2-deficient cells that were committed to a neuronal cell fate, confirming a pivotal role for FZD3-mediated Wnt/PCP signaling at these morphogenic stages.
CELSR1-3 control distinctive aspects of PCP-mediated granule cell morphogenesis
As FZD3 controls several morphological aspects of developing cells, and CELSR1, 2, and 3 represent core proteins involved in the same signaling pathway, we next asked whether they control the same morphogenic features. CELSRs cooperatively interact with PCP members during development (Feng et al., 2012a) and might therefore control distinctive morphogenic aspects during the development of newborn neurons. To address this possibility, we sought to dissect out the individual roles of CELSR1, CELSR2, and CELSR3 by performing a differential phenotype screen among these PCP mutants. Sholl-analyses of PCP mutants revealed that both CELSR2-and CELSR3-deficient neurons showed a significant reduction in dendritic length and a less complex arborization compared with control cells. In contrast, no differences in dendritic growth were seen in shCELSR1-expressing cells (Fig. 9A-C) . However, only shCELSR1-expressing cells displayed a random distribution of initiation sites, whereas shCELSR2-and shCELSR3-expressing cells preferentially initiated their dendrites toward the molecular layer. Cumulative distribution plots revealed a significant difference between control and CELSR1-deficient neurons ( p Ͻ 0.05, K-S test), similar to what was seen with FZD3-deficient cells (Fig.  9D) . Furthermore, migratory defects were found in CELSR2-and CELSR3-deficient neurons but not in those expressing shCELSR1 (Fig. 9E) , suggesting that CELSR2 and 3 control migration and dendritic outgrowth directly at the growth cone. Furthermore, HA-tagged CELSR2 and 3 localize in proximity to the cell membrane of extending neurites in differentiating AHPs and are even more enriched in filopodia-like structures, emphasizing their direct localized involvement in dendritic morphogenesis (Fig. 9F ) .
Overall, our results demonstrate distinct roles for CELSR1, 2, and 3 in newborn granule cell morphogenesis that are all cooperatively represented in FZD3-deficient cells.
Discussion
NSCs in the adult hippocampus preserve a regenerative capacity throughout adulthood. Within the adult brain, only the SVZ and the DG produce substantial numbers of new neurons throughout life. Therefore, these two niches are thought to provide all necessary cues to support the neurogenic potential of adult NSCs. WNT3 is one of the key molecules expressed by local astrocytes within the SGZ of the DG, acting as a principal regulator of adult NSC differentiation (Lie et al., 2005; Jessberger et al., 2009; Kuwabara et al., 2009; Karalay et al., 2011) . Wnts comprise a large family of secreted glycoproteins (van Amerongen and Nusse, 2009 ) and form part of a diverse set of different pathways. Because all steps of adult hippocampal neurogenesis occur in the SGZ of the DG in close proximity, factors regulating distinctive steps should be constantly present. A stage-specific function of different Wnt pathways could then only be realized through the expression of distinctive Wnt receptor combinations.
We found that Fzd4 and the canonical coreceptor Lrp6 are downregulated, whereas Wnt/PCP components Fzd3, Fzd6, and Celsr1-3 are markedly upregulated upon differentiation of AHPs. Canonical Wnt/␤-catenin signaling is highly LRP6-dependent and FZD4 has been shown to be an important receptor for TCF/ LEF signaling. However, in some cases, non-canonical Wnts such as WNT5A are able to activate the canonical signaling cascade through FZD4 only in combination with LRP6 (Ring et al., 2014) . In this scenario, a downregulation of both signaling components might be a prerequisite to inactivate canonical signaling cascades even in the presence of Wnt ligands. Consistently, upon differentiation the actual WNT3A-induced canonical TCF/LEF response was attenuated and non-canonical Wnt/PCP AP-1 signaling responses continuously increased. In-line with this finding, a loss of LEF1 expression during the differentiation of dentate progenitors has been reported in the developing hippocampus (Galceran et al., 2000) , and reporter mice revealed a downregulation of Wnt/ ␤-catenin signaling at the neuroblast stage (Garbe and Ring, 2012) . These observations are consistent with our findings that WNT3A-induced ␤-catenin translocation into the nucleus only appears in undifferentiated adult NSCs.
Previous studies have shown that WNT3A and WNT5A have different roles in the development of olfactory bulb interneurons (Pino et al., 2011) . Interestingly, WNT5A was able to activate a non-canonical signaling response only in differentiating neuroblasts but failed to do so when applied to undifferentiated AHPs. These stage-specific differences might be attributable to a highly context-specific response to Wnts during neurogenesis.
We further found that knockdown of ATP6AP2, an adaptor protein involved in both pathways (Buechling et al., 2010; Cruciat et al., 2010; Hermle et al., 2013) , affected both cell fate determination and morphological maturation of adult-born granule cells. We tested whether ATP6AP2 knockdown affected Wnt signaling in adult NSCs and confirmed its dual role as an adaptor protein in vitro. In-line with this finding, Co-IP experiments revealed a specific interaction of ATP6AP2 with members of the PCP core family such as CELSR2 and 3, as well as FZD3. By using retroviruses expressing two shRNAs of different ATP6AP2 targeting strength, we were able to titrate down the actual signal strength of Wnt/␤-catenin signaling in vivo. Newborn cells expressing shATP6AP2 showed a reduced ability to commit to a neuronal cell fate. Among RV-labeled cells that expressed the stronger shRNA (shATP6AP2 #2), we found a much stronger reduction in cells that became DCX ϩ . This finding could be due to the fact that they had a more pronounced reduction in canonical Wnt signaling, which has been shown to regulate the differentiation of adult NSCs toward the neuronal lineage (Song et al., 2002; Lie et al., 2005; Gao et al., 2009; Kuwabara et al., 2009; Lavado et al., 2010; Karalay et al., 2011) . In addition, LRP6 and LEF1 have been shown to play a pivotal role in dentate granule cell production during development (Zhou et al., 2004) , and nuclear ␤-catenin through the TCF/LEF pathway does not affect dendritogenesis in cultured hippocampal neurons (Rosso et al., 2005) . In-line with these studies, knockdown of LRP6 in adult hippocampal progenitors resulted in reduced levels of neurogenesis but did not affect granule cell morphogenesis, suggesting that canonical Wnt signaling mainly regulates proliferation and cellfate determination of adult NSCs.
In striking contrast to the role of Wnt/␤-catenin signaling in early steps of adult neurogenesis, we identified the Wnt/PCP signaling pathway as being a novel regulator of morphological development once neuronal cell fate had been determined. Wnt/ PCP signaling is involved in converting signals into morphogenic programs and has essential functions in dendritic patterning, axonal tract development, neuronal migration, and hair cell orientation (Tissir and Goffinet, 2013) . We found that Wnt/PCP signaling did not appear to be involved in early steps of adult neurogenesis, because knockdown of the PCP core protein FZD3 did not affect neuronal cell fate. FZD3 had been reported to be strongly expressed in the soma, axon, and dendrites of hippocampal neurons (Davis et al., 2008) . Major axon tracts, such as the internal capsule and the anterior commissure, are absent in FZD3 knock-out mice, whereas the hippocampal system and several other axonal pathways are normal (Tissir et al., 2005) . Recent work has shown that the FZD3-CELSR system controls facial branchiomotor (FBM) neuron migration (Qu et al., 2010) , and several reports have revealed crucial roles for CELSR1-3 in many aspects of neuronal morphogenesis (Feng et al., 2012a) . We found that silencing FZD3 in adult-born granule cells caused severe defects in dendritic growth, migration, and dendrite orientation. Compellingly, the phenotype of ATP6AP2-deficient cells that are committed to neuronal cell fate closely resembles that of shFZD3-expressing granule cells. This resemblance could be because the Wnt/PCP signaling pathway plays an important role during this major morphogenic stage, thereby explaining the context-specific role of this newly discovered Wnt signaling adaptor protein. At this stage, we cannot rule out the possibility that ATP6AP2 interferes with other signaling pathways. However, the striking phenotypic similarities, the specific protein interactions with FZD3 and CELSR2, 3 (CELSR1 also reported by Hermle et al., 2013) , and the effect of ATP6AP2 on the signaling response point to a direct involvement of ATP6AP2 in PCP signaling during granule cell morphogenesis. With regard to the stage-specific role of Wnt/PCP signaling, further analyses are needed to specify the mechanisms that mediate the maturational transition of Wnt signaling responsiveness.
We further characterized distinctive morphogenic functions of the Wnt/PCP core proteins CELSR1-3 in granule cell maturation. Knockdown of CELSR1 affected cell orientation within the GCL, whereas CELSR2 and CELSR3 knockdowns resulted in reduced dendritic growth and abnormal cell migration, consistent with findings for CELSR1 in hair follicle cells, where it is necessary for a proper orientation (Devenport and Fuchs, 2008) . Additionally, CELSR2 and 3 have been shown to control the ability of FBM neurons to migrate, whereas CELSR1 contributes to specifying the migratory direction (Qu et al., 2010) .
The expression pattern of CELSR genes further supports the idea that CELSR1, CELSR2, and CELSR3 have divergent functions in mammals. During development CELSR1 is mostly expressed in neuroblasts and CELSR2 and 3 mainly in postmitotic neurons (Formstone and Little, 2001; Shima et al., 2002; Tissir et al., 2002; Goffinet, 2006, 2013) . The gene expression of CELSRs in differentiating AHPs revealed an overall upregulation of CELSR1-3. Nevertheless, CELSR1 expression levels showed a much more pronounced upregulation during the early differentiation steps, which could be because CELSR1 is required earlier to orient adult-born neuroblasts. Downregulation of CELSR2 has been shown to reduce the length of dendrites in cultured cortical pyramidal neurons, whereas silencing of CELSR3 led to dendritic overgrowth (Shima et al., 2007) . In contrast, pyramidal neurons of the cornu ammonis 1 (CA1) in CELSR3 mutant mice had atrophic dendritic trees and a reduced dendritic complexity (Feng et al., 2012b) . We found that silencing of CELSR2 and 3 led to reduced dendritic growth and less complex dendritic trees in newborn granule cells in vivo. In their study, Shima et al. (2007) also demonstrated that the effect of CELSR3 on dendritic growth is dependent on the concentration of the applied molecule itself. Higher concentrations of CELSR3 stimulated dendritic growth in the same way as CELSR2. Because interactions of CELSR proteins are thought to be homophilic, their action on individual cells might be related to the environmental CELSR expression. Based on the phenotypic similarities of CELSR2 and 3 silencing in adult-born granule cells, we speculate that the environmental properties of the DG may cause the regulation of dendritic growth in the same way. Consistent with their function in dendritic patterning, CELSR2 and 3 appear to be expressed in the membrane of elongating neurites and particularly enriched in the tips of filopodia in differentiating AHPs in vitro.
It would be interesting to further characterize local cues upstream of PCP that could align cell polarity along a given local axis. Recent studies showing that the soluble Wnt inhibitor sFRP3 is involved in dentate granule cell maturation could point to Wnt ligands as modulators of non-canonical signaling (Jang et al., 2013) . However, further studies are needed to provide evidence for a Wnt ligand-dependent non-canonical pathway in the DG.
In summary, the data presented here characterize a maturational transition of Wnt signaling responsiveness from Wnt/␤-4 Figure 9 . Single-gene knockdowns of CELSR1-3 reveal distinctive morphogenic properties cooperatively resembling those of FZD3-deficient neurons. A, Representative images of 2-week-old control shRNA-and shCELSR1-3-expressing neurons. DAPI (red); GFP (green). Scale bar, 50 m. B, Sholl analysis of the dendritic length of the PCP mutants shCELSR1-3. The data represent mean Ϯ SEM (number of traced neurons: control: n ϭ 53; shCELSR1: n ϭ 68; shCESLR2: n ϭ 49; shCESLR3: n ϭ 45. *p Ͻ 0.05, ***p Ͻ 0.001, Student's t test). C, Sholl analysis of the dendritic complexity of the PCP mutants shCELSR1-3 (same groups of cells as in B were analyzed; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, Student's t test). D, Total dendritic length of GFP ϩ DCX ϩ neurons 2 WPI (**p Ͻ 0.01, Student's t test). E, Total number of intersections of GFP ϩ DCX ϩ neurons 2 WPI (*p Ͻ 0.05, **p Ͻ 0.01, Student's t test). F, Relative positions of CELSR1-3-deficient neurons within the GCL (***p Ͻ 0.001, Student's t test). G, Angular orientation of dendritic initiation sites of control and CELSR1-3-deficient neurons 2 WPI. H, I, Cumulative distribution plots of G (*p Ͻ 0.05, K-S test). J, Neurite structures of AHP-derived neuroblasts in vitro. The subcellular localization of CELSR2 and 3 (red) in neurite structures (arrows) is shown using an HA-tagged overexpression construct. TUJ1 (green), CELS2-HA, and CELSR3-HA (red). Scale bar, 20 m.
catenin signaling to non-canonical Wnt/PCP signaling in the course of adult hippocampal neurogenesis. Our findings suggest that these pathways show stage-dependent activities and regulate distinct steps of dentate granule cell neurogenesis. We provide conclusive evidence of a regulation of granule cell morphogenesis through the Wnt/PCP signaling pathway, including the FZD3-CELSR1-3 system.
